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BiP Maintains the Permeability Barrier of the
ER Membrane by Sealing the Lumenal End of the
Translocon Pore before and Early in Translocation
ribosome to the ER membrane and the formation of a
sealed ribosome±translocon junction that prevents the
passage of small molecules (Crowley et al., 1993, 1994).
Interestingly, the aqueous translocon pore is also closed
to the ER lumen immediately after ribosome targeting
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to the ER membrane and remains so until the nascentTexas A&M University
polypeptide reaches a length of z70 amino acids (Crow-College Station, Texas 77843-1114
ley et al., 1994). We presume that the lumenal seal is a§Department of Tumor Cell Biology
safety mechanism that maintains the permeability bar-St. Jude Children's Research Hospital
rier until the ribosome is properly seated and seals theMemphis, Tennessee 38105
cytosolic end of the pore (Crowley et al., 1994). A similar
conservative and highly regulated mechanism has been
observed during cotranslational integration, where theSummary
opening of the ribosomal seal is preceded by the closing
of the lumenal end of the poreso as to avoid compromis-Secretory proteins are cotranslationally translocated
ing the permeability barrier (Liao et al., 1997).across the mammalian ER membrane through an
How is the lumenal end of the aqueous transloconaqueous pore in the translocon while the permeability
pore sealed when a nascent chain is less than 70 resi-barrier is maintained by a tight ribosome±membrane
dues in length? Three possibilities are: (1) the transloconjunction. The lumenal end of the pore is also blocked
pore has not yet formed; (2) the translocon proteinsearly in translocation. Extraction of soluble lumenal
undergo a large conformational change that closes theproteins from microsomes and reconstitution with pu-
lumenal end of the pore; and (3) a soluble protein in therified proteins demonstrate, by fluorescence collisional
ER lumen binds to the lumenal end of the pore andquenching, that BiP seals the lumenal end of this pore.
thereby closes it. Indirect evidence that is consistentBiP also seals translocons that are assembled but are
with the first possibility comes from electron microscopynot engaged in translocation. These ribosome-free
studies (Hanein et al., 1996) where oligomeric rings weretranslocons have smaller pores (9±15 AÊ diameter ver-
formed in proteoliposomes containing Sec61p only aftersus 40±60 AÊ in functioning translocons) and are gener-
ribosomes had been added. However, it was also shownated when ribosomes dissociate from functioning
in the same study that stripping ribosomes off of nativetranslocons with large pores. BiP therefore maintains
ER microsomes did not result in the dissociation of thethe permeability barrier by sealing both nontranslocat-
subunits comprising the oligomeric rings, which is noting and newly targeted translocons.
consistent with a ribosome-dependent existence of
translocons. The second possibility is also indirectlyIntroduction
supported by the raw data in the electron microscopy
study of Hanein et al. (1996), where different pore images
In eukaryotic cells, ribosomes synthesizing proteins
in Figures 1A and 1E appear to have a broad range of
destined for secretion from the cell or integration into
diameters. With regard to the third possibility, no soluble
a membrane are targeted to sites on the endoplasmic
lumenal proteins have been detected binding to a co-
reticulum (ER) membrane termed translocons (for re-
translational translocon, but BiP has been reported to
views, see Rapoport et al., 1996; Johnson, 1997). Fluo-
bind to Sec63p of the yeast posttranslational translocon
rescent probes in a nascent protein undergoing translo- (Brodsky and Schekman, 1993; Lyman and Schekman,
cation reveal that the nascent chain is in an aqueous
1997).
environment as it passes through the bilayer (Crowley
When we first discovered the lumenal seal early in
et al., 1994). A functioning translocon therefore contains
translocation, we speculated that the aqueous pore was
an aqueous pore that completely spans the lipid bilayer gated by a soluble lumenal protein such as BiP that
(Crowley et al., 1994), as first suggested by conductivity would bind to the lumenal end of the translocon and
experiments (Simon and Blobel, 1991). This pore is would be released when the nascent chain reached a
formed in mammals primarily by two ER membrane pro- length near 70 amino acids (Crowley et al., 1994). To
teins, Sec61a and TRAM (Do et al., 1996; Hanein et al., determine the role, if any, of soluble lumenal proteins in
1996; Rapoport et al., 1996), though the stoichiometry the sealing of the lumenal end of an aqueous translocon
and arrangement of the translocon components have pore, translocation intermediates were assembled using
yet to be defined. either native ER microsomes, lumen-extracted micro-
An extraordinary feature of a translocon that is co- somes, or extracted microsomes that were reconstituted
translationally translocating a secretory protein is the with one or more of the lumenal proteins. By incorporat-
exceptionally large diameter of its aqueous pore (40±60 ing fluorescent dyes into short nascent chains, we were
AÊ ; Hamman et al., 1997). Despite the size of these holes able to determine the accessibility of the probes and
in the ER membrane, its permeability barrier is main- nascent chains to the ER lumen using collisional
tained. This is accomplished by the tight binding of the quenchers of fluorescence. This approach allowed us
to demonstrate that BiP tightly seals the lumenal ends of
both early translocation intermediates and also smaller‖ To whom correspondence should be addressed.
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ribosome-free pores containing translocon proteins. by the magnitude of the reduction in NBD fluorescence
before or after, respectively, the addition of PFO to theThese studies therefore revealed that translocon pores
exist in the absence of ribosomes, but in a different sample.
Soluble lumenal proteins are extracted from micro-structure: the aqueous pore in a ribosome-free translo-
con is 9±15 AÊ in diameter, whereas thepore in a function- somes by a high pH treatment that disrupts the ER
membrane. When returned to pH 7, the vesicles resealing translocon is 40±60 AÊ in diameter.
in the proper orientation (Nicchitta and Blobel, 1993),
and their function in terms of nascent chain targeting is
Results not impaired (Bulleid and Freedman, 1988; Nicchitta and
Blobel, 1993; Hamman et al., 1997). The entire lumen
Experimental Design extract (Nicchitta and Blobel, 1993) or individual lumenal
In the present study, we sought to determine the struc- proteins (Bulleid and Freedman, 1988) can also be re-
tural basis of the permeability barrier that seals the lu- constituted without any loss of nascent chain targeting
menal end of the protein translocation pore immediately or translocation. To determine if soluble lumenal pro-
after SRP-dependent targeting. Intact, fully assembled teins play a role in closing the lumenal end of the pore
protein translocation intermediates were prepared by in early in translocation, translocation intermediates were
vitro translation, in the presence of SRP and ER micro- formed using microsomes that were either extracted at
somes, of mRNAs that were truncated in the coding high pH and empty (XRM) or reconstituted with one or
region of preprolactin. Ribosomes halt when they reach more soluble lumenal proteins (RRM). Lumenal quench-
the end of such mRNAs but do not dissociate from the ing of short nascent chain intermediates formed with
mRNA because the absence of a stop codon prevents empty XRM would therefore indicate soluble lumenal
normal termination from occurring. Thus, the nascent protein involvement in sealing the pore, and reconstitu-
chain remains bound to the ribosome as a peptidyl- tion studies would indicate which protein(s) was respon-
tRNA. sible for the seal.
To determine the accessibility of a nascent chain to
the cytosolic or lumenal side of the ER membrane, fluo-
rescent probes were cotranslationally incorporated into Extraction, Fractionation, and Reconstitution
of Lumenal Proteinsthe nascent chains. eNBD-Lys-tRNA, a fluorescent ana-
log of Lys-tRNA that has a 6-(7-nitrobenz-2-oxa-1,3- Soluble lumenal proteins were extracted from ER micro-
somes as described previously (Nicchitta and Blobel,diazol-4-yl)aminohexanoyl (NBD) dye covalently attached
to the Ne-amino group of the lysyl side chain (Crowley et 1993) by diluting them into a pH 10.5 buffer. The mem-
branes were then separated from lumenal proteins andal., 1993), was added to translations so that fluorescent
probes were incorporated into nascent chains wherever resealed by spinning through a pH 7.5 sucrose cushion.
The protein compositionof the resulting XRM was exam-in-frame lysine codons occurred in the mRNA. In the
present study, we focused on previously described ined by SDS-PAGE and Coomassie blue staining (Figure
1, lane 3). Nearly complete extraction of the highly abun-(Crowley et al., 1993, 1994; Hamman et al., 1997) translo-
cation intermediates containing a preprolactin nascent dant lumenal proteins, GRP94 (94 kDa), BiP (78 kDa), and
PDI (55 kDa), occurred when microsomes were washedchain with 64 residues (pPL64) or a pPL derivative that
lacked lysine codons (and hence probes) in the signal with the pH 10.5 buffer, as is evident by comparing the
protein compositions of intact microsomes (EKRM) andsequence (either pPL-ssK56 and pPL-sK78).
The accessibility of the nascent chain probes to the XRM (Figure 1, lanes 1 and 3; cf., Paver et al., 1989;
Nicchitta and Blobel, 1993).cytosol or ER lumen in translocation intermediates was
examined directly by using hydrophilic collisional quench- After microsomal membranes were sedimented away
from theextracted lumenalproteins, these proteins wereing agents. When these agents collide with an excited
fluorescent dye, its excited state energy is lost, thereby concentrated 8- to 10-fold in a pH 7.5 buffer. As shown
in Figure 1 (lane 2), this extract contained all of thereducing the fluorescent light emitted by the sample.
Since the magnitude of the fluorescence intensity de- abundant soluble lumenal proteins. These proteins
could then be reconstituted back into the lumen of ex-crease is dependent upon the number of collisions, the
extent of quenching is directly proportional to the con- tracted microsomes as described previously (Nicchitta
and Blobel, 1993) to form RRM (Figure 1, lane 4). Alterna-centration of quencher, as expressed in the Stern-
Volmer equation (see Crowley et al., 1993). Since the tively, the concentrated lumenal protein extract was
fractionated using an adaptation of a previously de-cytosolic face of the ER membrane forms the outer sur-
face of the microsomes, probe exposure to the cytosol scribed method (Rowling et al., 1994). Glycosylated pro-
teins (including calreticulin and GRP94) and proteinsis detected simply by adding the quencher to a sample
of translocation intermediates because the hydrophilic that do not bind either ConA or ATP (e.g., PDI) were
pooled and reconstituted into microsomes (Figure 1,quenchers cannot pass through the nonpolar core of
the bilayer (Crowley et al., 1994). Probe exposure to the lane 5) designated RRM (2BiP). The remaining major
lumenal protein, BiP, is purified separately because itlumen can then be determined by adding a bacterial
pore-forming protein, perfringolysin O (PFO), to the sam- is both nonglycosylated and binds to ATP. The purity
of the BiP after elution from ATP-agarose is more thanple because these toxins bind to cholesterol-containing
microsomal membranes and form very large holes (e.g., 95% (data not shown). Microsomes were also reconsti-
tuted with this purified BiP to form RRM (1BiP) (FigureHamman et al., 1997). The extent of probe exposure to
quenchers in the cytosol or ER lumen is therefore given 1, lane 6).
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Figure 1. Protein Content of Intact, Extracted, and Reconstituted
Microsomes
Samples were prepared as described in the Experimental Proce-
dures and analyzed for protein content by SDS-PAGE and Coomas-
sie staining. Approximately 30 equivalents of membranes or soluble
lumenal proteins were loaded per lane after the following treatments:
none (lane 1), extraction at pH 10.5 followed by reconstitution with
no proteins (lane 3), total lumenal proteins (lane 4), lumenal proteins
except BiP (lane 5), or purified BiP (lane 6). Total soluble lumenal
proteins are shown in lane 2. BiP (arrowhead); calreticulin/PDI (aster-
isk); GRP94 (diamond); and an unknown but abundant 64 kDa solu-
ble protein (closed circle).
Figure 2. NAD1 Quenching of pPL64 Translocation Intermediates
Extraction of Lumenal Proteins Prematurely Translation intermediates containing an NBD-labeled pPL64 nascent
chain bound to free ribosomes (open squares) or membrane-boundExposes the Aqueous Translocon
ribosomes (open and closed circles) were exposed to different con-Pore to the Lumen
centrations of NAD1. Fo is the net fluorescence intensity prior toNAD1 is the largest known collisional quencher of NBD
addition of NAD1, and F is the net dilution-corrected fluorescence
fluorescence that can diffuse freely within the aqueous intensity at a given concentration of NAD1 prior to (open circles) or
pore of a functioning translocation intermediate (Ham- after (closed circles) the addition of PFO. Translocation intermedi-
man et al., 1997). As shown in Figures 2A and 2B, NAD1 ates were assembled using either (A) EKRM, (B) XRM, or (C) RRM.
The extent of collisional quenching is indicated by the slope (Ksv ordoes not quench NBD nascent chain probes from the
Stern-Volmer constant) of the data.cytosolic side of pPL64 intermediates assembled with
EKRM or XRM. The lumen extraction procedure there-
fore does not damage the ability of the resealed mem-
though the NAD1 had to pass through the entire translo-branes to form the tight ribosome±translocon junction.
con pore and into the ribosomal tunnel to collide withWhenNAD1 was introduced into the lumenal compart-
this probe, the same quenching pattern was observedment of EKRM using PFO, no quenching was observed
for pPL-ssK56 intermediates with EKRM or XRM as waswith pPL64 intermediates (Figure 2A). Thus, as reported
observed with the corresponding pPL64 intermediatespreviously, nascent chains less than z70 amino acids
(Table 1). Thus, short nascent chain accessibility to thein length are inaccessible to the ER lumen after being
lumen was altered dramatically by the extraction of lu-targeted to the translocon (Crowley et al., 1994). How-
menal proteins. In contrast, since the lumenal seal dis-ever, when NAD1 was introduced into the lumenal com-
appears when the nascent chain length exceeds z70partment of pPL64´XRM intermediates, the probes in the
residues (Crowley et al., 1994), extraction of the ER lu-nascent chain were collisionally quenched at a rate simi-
men had no effect on the accessibility of NAD1 toprobeslar to that observed for free ribosomes (Figure 2B; Table
in the pPL-sK78 translocation intermediate (Table 1).1). The extraction therefore altered the translocon struc-
ture and/or composition such that the nascent chain is
exposed to the lumen prematurely, most likely because The Lumenal Seal Can Be Restored by Reconstitution
with Soluble Lumenal Proteinsthe soluble ER lumenal protein(s) that seals the lumenal
end of the translocon pore was absent after extraction. To determine whether the opening of the lumenal end
of the translocon pore resulted from the loss of solu-To show that the entire pore and ribosomal nascent
chain tunnel are exposed to the ER lumen upon removal ble lumenal proteins or from the exposure to high pH,
lumen-extracted microsomes were reconstituted withof the soluble lumenal proteins, a translocation interme-
diate was assembled in which a single NBD probe was total soluble lumenal proteins with molecular masses
greater than 30 kDa (Figure 1). When pPL64 and pPL-ssK56positioned inside the ribosome on the cytosolic side of
the membrane (pPL-ssK56; Crowley et al., 1993). Even translocation intermediates were prepared with these
Cell
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Table 2. NAD1 Quenching of NBD-Labeled Nascent Chains inTable 1. NAD1 Quenching of NBD-Labeled Nascent Chains in
Translocation Intermediates Using Intact, Lumen-Extracted, Translocation Intermediates Containing Microsomes with
Various Lumenal Contentsor Reconstituted Microsomes
Sampleb Observed Ksv (M21)aSampleb Observed Ksv (M21)a
2PFO 1PFO2PFO 1PFO
pPL-ssK56´80S´RRM 0.1 20.1pPL-ssK56´80Sc 1.8 Ð
pPL-ssK56´80S´EKRMc 0.3 0.3 pPL-ssK56´80S´RRM (2BiP) 0.2 2.0
pPL-ssK56´80S´RRM (1BiP/ATP) 0.2 0.2pPL-ssK56´80S´XRM 0.2 1.7
pPL-ssK56´80S´RRM 0.1 20.1 pPL64´80S´RRM 0.2 0.2
pPL64´80S´RRM (2BiP) 0.2 1.7pPL64´80S 2.4 Ð
pPL64´80S´EKRM 0.2 0.0 pPL64´80S´RRM(1BiP/ATP) 0.2 0.3
pPL64´80S´RRM (1aBiP)c 0.2 2.1pPL64´80S´XRM 0.2 1.9
pPL64´80S´mock-XRMd 0.2 0.1 pPL64´80S´RRM (1aGRP94)c 0.3 0.1
pPL64´80S´RRM 0.2 0.2 a The Ksv values shown are the average values of 3±5 independentpPL64´80S´mock-RRMe 0.3 2.1 experiments; the standard deviation in each case was between 0.1
pPL-sK78´80Sc 2.0 Ð and 0.3 M21.
pPL-sK78´80S´EKRMc 0.2 1.8 b RRM are defined in Table 1. RRM (2BiP) are microsomes reconsti-
pPL-sK78´80S´XRM 0.1 1.7 tuted with a concentrated mixture of all purified soluble lumenal
pPL-sK78´80S´RRM 0.2 1.7 proteins except BiP; the final lumenal protein concentration is esti-
mated to be about 50%±100% of that in intact EKRM. The RRMa The Ksv values shown are the average values of 3±7 independent (1BiP/ATP) refer to microsomes reconstituted solely with purifiedexperiments; the standard deviation in each case was between 0.1
BiP in buffer A and 5 mM ATP; the final BiP concentration in theand 0.3 M21.
lumen is estimated to be z1±2 pmol per equivalent of microsomes,b Intact and lumen-extracted microsomes are designated EKRM and
which is similar to that in the lumen of EKRM, while the final lumenalXRM, respectively. Microsomes that have been extracted and then
ATP concentration is z1±2 mM.reconstituted with total soluble lumenal proteins are designated
c Concentrated total lumenal proteins were preincubated with theseRRM.
antibodies for 5±10 min on ice or at RT prior to reconstitution.c Includes data previously reported in Hamman et al. (1997) using
wheat germ source ªBº; all samples in the present study were made
using wheat germ source ªBº.
d Mock-extracted microsomes (mock-XRM) were extracted with pH proteins, and the resulting mixture was then reconsti-
7.5 buffer A instead of pH 10.5 buffer B. tuted into the microsomes. The pPL64 nascent chaine Mock-reconstituted microsomes (mock-RRM) were reconstituted
probes in translocation intermediates formed with RRMwith buffer A instead of concentrated total soluble lumenal proteins
(aBiP) could be quenched by NAD1 in the presencein buffer A.
of PFO (Table 2), thereby demonstrating that the BiP-
specific antibodies prevented the formation of the lu-
menal seal. In contrast, incubation of the concentrated
RRM and examined using NAD1 collisional quenching, lumenal extract with an excess of GRP94-specific anti-
a complete recovery of the lumenal seal was observed bodies did not alter nascent chain accessibility to the
(Figure 2C; Table 1). As a negative control, reconstitution lumen (Table 2). We therefore conclude that BiP is nec-
with buffer lacking lumenal proteins did not restore the essary and sufficient to seal the lumenal end of the
seal (Table 1). Thus, one or more lumenal proteins are aqueous translocon pore.
required to seal the lumenal end of the aqueous pore
early in translocation. NAD1 Cannot Enter the Lumen of Extracted
Microsomes without PFO
Another important conclusion about translocon struc-BiP Seals the Lumenal End of the Pore
Since nascent chain exposure to the ER lumen in early ture can be drawn from the data in Table 2. If each
equivalent of microsomes has z0.4 pmol of transloconstranslocation intermediates was dependent on the pres-
ence of a lumenal protein(s), the lumenal proteins were (Hanein et al., 1996), then the number of membrane-
bound nascent chains in our samples shows that onlypurified as noted above in order to determine which
protein(s) was responsible for the lumenal seal. When about 50%±90% of the translocons are bound to ribo-
somes. Although NAD1 can diffuse through a function-microsomes were reconstituted only with purified BiP
in the presence of ATP, the NBD probes in short nascent ing translocon pore (Hamman et al., 1997), the data in
Table 2 reveal that NAD1 cannot pass through the poreschains could not be quenched by NAD1 from either side
of the ER membrane (Table 2). In contrast, the NBD in translocons not bound to ribosomes because no
quenching was observed with XRM intermediates priorprobes in short nascent chains were accessible to NAD1
in the lumen of microsomes that contained all of the to PFO addition. Thus, since cytosolic NAD1 cannot
access the lumen even if BiP has been removed, thelumenal proteins except BiP (Table 2). Thus, only one
protein, BiP, appears to be responsible for sealing the translocon pores lacking ribosomes are either smaller,
are sealed by a protein other than BiP, or do not exist.lumenal end of the translocon pore.
Since it was conceivable that our purified BiP solution
contained sufficient contaminants to seal all of the pores Iodide Ions Can Pass through the Membrane
of Lumen-Extracted Microsomesin lumen-extracted microsomes, we used an indepen-
dent approach to confirm the BiP specificity of our ob- without PFO
The structure and existence of aqueous pores in the ERservations. Excess affinity-purified antibodies specific
for BiP were added to and incubated with total lumenal membrane was further examined using iodide ions as
BiP Seals the Aqueous Translocon Pore
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Table 3. Iodide Ion Quenching of NBD-Labeled Nascent Chains
in Translocation Intermediates Containing Microsomes with
Various Lumenal Contents
Sampleb Observed Ksv (M21)a
2PFO 1PFO
pPL-ssK56´80Sc 2.4 Ð
pPL-ssK56´80S´EKRMc 0.0 0.0
pPL-ssK56´80S´XRM 2.6 2.5
pPL-ssK56´80S´mock-XRM 0.4 0.3
pPL-ssK56´80S´RRM 0.1 20.1
pPL-ssK56´80S´mock-RRM 2.7 2.7
pPL-ssK56´80S´RRM (2BiP) 2.6 2.5
pPL-ssK56´80S´RRM (1BiP/ATP) 0.1 0.1
pPL-ssK56´80S´RRM (10.1 BiP/ATP)d 1.7 2.1
pPL-ssK56´80S´RRM (1aBiP) 2.6 2.6
pPL-ssK56´80S´RRM (1aBiP´I.P.) 0.2 0.3
pPL-ssK56´80S´RRM (1aGRP94) 0.3 0.3
pPL-sK78´80Sc 2.0 Ð
pPL-sK78´80S´EKRMc 0.3 1.9
pPL-sK78´80S´XRM 1.7 1.7
pPL-sK78´80S´RRM 0.2 1.8
pPL-sK78´80S´RRM (2BiP) 1.6 1.8
pPL-sK78´80S´RRM (1BiP/ATP) 0.2 1.7
pPL-sK78´80S´XRM 1 aSec61ae 20.1 1.6
pPL-sK78´80S´XRM 1 aSec61a 0.1 1.9
Fab fragmentse
pPL-sK78´80S´XRM 1 aTRAMe 0.4 Ðf
pPL-sK78´80S´XRM 1 aribophorin Ie 1.8 1.9
pPL-sK78´80S´XRM 1 nontranslating 80Se 0.4 Ðg
a The Ksv values shown are the average values of 3±8 independent
experiments; the standard deviation in each case was between 0.1
and 0.4 M21.
b RRM (1aBiP´I.P.) are microsomes reconstituted with lumenal pro-
Figure 3. Iodide Ion Quenching of pPL-sK78 Translocation Interme- teins and aBiP blocked with a 20-fold molar excess of the BiP
diates
immunizing peptide.
Samples containing NBD-labeled pPL-sK78 nascent chains bound c Data published in Crowley et al. (1994) were redetermined using
to free ribosomes (open squares) or to membrane-bound ribosomes wheat germ source ªBº (Hamman et al., 1997; all samples in the
either prior to (open circles) or after (closed circles) addition of present study were made using wheat germ source ªBº.
PFO were examined for quenching while keeping the ionic strength d The final BiP concentration in the lumen of RRM (0.1 BiP/ATP) is
constant as described previously (Crowley et al., 1993, 1994). Trans- estimated to be z0.1 pmol per equivalent, which is z10% of that
location intermediates were assembled using either (A) EKRM, (B) in the lumen of EKRM.
XRM, or (C) RRM. e Affinity-purified antibodies or Fab fragments (z30 pmol) directed
against the C-terminal ends of the translocon proteins Sec61a or
TRAM were added to microsomes (20±30 eq) after column purifica-
collisional quenchers rather than NAD1. With a hydrated tion, as were antibodies to ribophorin I in excess of the amount
diameter near 9 AÊ , the iodide ion is substantially smaller required to block translocation. Nontranslating ribosomes (80S)
were purified from wheat germ extract as described elsewherethan NAD1 (Bell and Eisenberg, 1996) with its hydrated
(Powers and Walter, 1996), and z15 pmol were added per 20±30dimensions of approximately 17 3 16 3 25 AÊ . Thus, I2
eq of microsomes in purified translocation intermediates. In eachcan traverse considerably smaller pores than NAD1.
case, samples were incubated for 10 min at room temperature prior
When pPL-sK78 translocation intermediates were pre- to fluorescence measurements.
pared using EKRM, the nascent chain probes were not f PFO was not added because the Ksv increases to 1.5 M21 within
accessible tocytosolic I2 butwere accessible to lumenal 1 hr at 48C and substantially faster at room temperature. aTRAM
presumably does not bind within the pore but, instead, dynamicallyI2 (i.e., after PFO addition) because BiP does not seal
interferes with iodide ion access to the pore; thus, iodide ions slowlytranslocon pores containing nascent chains longer than
leak through the pore over time.z70 residues (Figure 3A; Table 3). However, when I2
g PFO was not added because quenching increased slowly over
was added to the cytosolic side of pPL-sK78 intermedi- time, presumably because the dissociation rate of 80S from pores
ates made with XRM, collisional quenching was ob- was higher when the ribosomes lacked nascent chains.
served, and the extent of quenching was approximately
the same as that observed with free ribosomes (Figure
3B; Table 3). Since quenching was observed before the soluble protein(s) in the ER lumen is required to seal the
aqueous holes in the ER membrane that are not sealedaddition of PFO, the I2 must have reached the lumen
via another aqueous pathway, presumably a pore that on the cytosolic surface by ribosomes. Equivalent re-
sults were obtained with pPL-ssK56 (Table 3).is sealed in EKRM, but not XRM. Strikingly, this accessi-
bility of the nascent chain to cytosolic I2 was completely
eliminated when intermediates were assembled with BiP Also Seals Ribosome-free Aqueous
Pores in the ER MembraneRRM reconstituted with total lumenal proteins (Figure
3C; Table 3). Thus, the tight ribosome±translocon seal Various combinations of purified soluble lumenal pro-
teins were reconstituted into microsomes in order towas unaffected by the extraction procedures, and a
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determine which protein(s) blocks cytosolic I2 access the ER lumen of XRM via pores that have a composition
and a property (ribosome-binding) similar to those ofto the lumenal compartment of XRM. As shown in Table
3, purified BiP prevented I2 quenching of nascent chain translocons. The simplest interpretation of these data
is that the smaller pores constitute ribosome-freeprobes in the absence of PFO. In contrast, reconstituting
the microsomes with the remainder of the soluble lu- translocons. This, in turn, would mean that translocons
are assembled and exist even in the absence of ribo-menal proteins (2BiP) did not block quenching by I2.
The gating of these ribosome-free holes by BiP was also somes.
However, the structure of a putative inactive translo-shown by adding affinity-purified BiP-specific antibod-
ies to the lumenal proteins prior to reconstitution and con differs substantially from that of a functioning
translocon. Since NAD1 cannot enter the microsomalobserving that the antibodies prevented BiP from seal-
ing these holes (Table 3). Furthermore, BiP-specific anti- lumen through a ribosome-free translocon hole, the
aqueous pore in these translocons must be less thanbodies did not block seal formation if they were preincu-
bated with the immunizing peptide (the C-terminal 12 17 AÊ in diameter. Yet, since I2 with a hydrated diameter
of about 9 AÊ can pass through these pores in XRM, theamino acids of hamster BiP) prior to incubation with the
lumen extract and reconstitution. Thus, BiP binds to the diameter of a ribosome-free translocon pore is between
9 and 17 AÊ .lumenal end of at least two types of aqueous pores
in the ER membrane, one that is tightly bound to the
ribosome and functioning early in translocation, and an-
Ribosome Dissociation from Translocationother that is ribosome-free and otherwise open to the
Intermediates Converts Large Transloconcytosol.
Pores into Small Pores
If translocons exist in two different structural states,
then their conversion from one state to the other shouldTranslocons Exist in the Absence of Ribosomes
but Have Smaller Aqueous Pores be detectable. Since the above two states differ primar-
ily by the presence or absence of a bound ribosome, weBoth NAD1 and I2 are able to pass through the aqueous
pore of a translocon functioning in translocation (Ham- decided to determine whether the removal of a ribosome
from a translocation intermediate would reduce the di-man et al., 1997), but only I2 can pass through the ribo-
some-free aqueous holes in XRM. Are these ribosome- ameter of the aqueous pore from 40±60 AÊ to 9±17 AÊ .
pPL-sK78´XRM complexes were prepared to yield trans-free pores simply translocons that have a smaller hole,
or are the pores formed by a completely separate set of location intermediates with large pores (the nascent
chain was longer than 70 residues) and no BiP in theER membrane proteins? To address this issue, we asked
whether affinity-purified antibodies specific for Sec61a, lumen to seal the small pores. Fab fragments of affinity-
purified Sec61a antibodies were then added in excessone of the translocon proteins, would interfere with I2
passage into XRM. Fortuitously, both anti-Sec61a anti- to bind to and plug the small pores (i.e., the putative
ribosome-free translocons). After purification by gel fil-bodies and their Fab fragments completely prevented
cytosolic I2 from entering the XRM and quenching na- tration as usual to remove any unbound ribosomes or
antibodies, each translocon in the resulting microsomescent chain probes in pPL-sK78´XRM intermediates (Ta-
ble 3). Similarly, the addition of affinity-purified antibod- sample was either bound to a ribosome (large pore) or
toa Fab fragment (small pore). When I2 was added to theies specific for another translocon protein, TRAM, to
pPL-sK78´XRM intermediates greatly inhibited I2 access cytosol of these samples, no quenching was observed
(Table 4). Thus, each translocon pore was blocked onto the nascent chain. In contrast, antibodies to ribopho-
rin I, a component of the oligosaccharyltransferase, its cytosolic end, either by a ribosome or by a Fab frag-
ment, and no detectable dissociation of these speciesblocked translocation (data not shown) but did not in-
hibit I2 passage through the smaller pores (Table 3). from the pores occurred during our experiments.
The ribosomes were selectively removed (.90% byThese data strongly suggest that the holes in the ER
membrane through which cytosolic I2 was moving were absorbance at 260 nm) from these microsomes by incu-
bation with puromycin and then high salt, and accessibil-formed by the same proteins that are found in function-
ing translocons. ity to the lumen through the newly exposed translocon
pores was assessed using both I2 and NAD1. SinceIndependent evidence that the smaller holes are ribo-
some-free translocons was obtained by determining about 25% of the NBD-pPL-sK78 ended up on the cyto-
solic side of the membrane after the high-salt wash,whether these holes could be blocked on their cytosolic
ends by adding an excess of ribosomes to pPL-sK78´XRM NBD-specific antibodies were added to the samples to
bind the cytosolic NBD dyes, reduce their fluorescenceintermediates. Since free nontranslating ribosomes bind
tightly to Sec61a (Kalies et al., 1994), we reasoned that by 85%, and prevent I2 and NAD1 access to them (Ham-
man et al., 1997). This allowed us to focus solely onsuch ribosomes might associate with ribosome-free
translocons and thereby prevent cytosolic I2 access to NBD-pPL-sK78 inside the microsome and determine
whether its emission could be collisionally quenched bythe probes in pPL-sK78 intermediates by plugging the
pores. As shown in Table 3, incubation of 80S ribosomes either NAD1 or I2. As shown in Table 4, essentially no
quenching was observed with cytosolic NAD1. Thus,with the pPL-sK78´XRM intermediates greatly inhibited
quenching of nascent chain probes by cytosolic I2. In NAD1 could not pass through translocon pores after
ribosomes had been released. Since NAD1 can movecontrast, the addition of 70S bacterial ribosomes had no
effect on I2 passage (data not shown). These combined through the pores in intact translocation intermediates
(shown by the quenching of pPL-sK78´XRM after PFOdata therefore show that cytosolic I2 gains access to
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serves as the translocon gating protein. Such chaper-Table 4. Translocon Pore Size Is Reduced When Ribosomes
one-like activity may be required if the putative gateDissociate from Intact Translocation Intermediates
protein were partially unfolded during the high pH ex-
Additions to pPL-sK78´80S´XRM Microsomesa Iodide Ion Ksv (M21)b traction procedure. To determine whether BiP was act-
2PFO 1PFO ing catalytically or stoichiometrically, microsomes were
reconstituted with a reduced amount of BiP so that theNone 1.7 1.7
number of BiP molecules inside the microsomes wasaSec61a 0.3 2.0
aSec61a, then PM 1 0.5 M KOAc 2.3 2.3 approximately 25% of the number of translocon pores.
aSec61a, then PM 1 0.5 M KOAc, 0.6 2.3 At this molar ratio, we anticipated that the nascent
then aSec61a chains would be sealed off from the ER lumen if BiP
NAD1 Ksv (M21)b acts catalytically, but not if BiP acts stoichiometrically.
2PFO 1PFO In the above experiments (Tables 2 and 3), the lumenal
translocon seal was restored when z1±2 pmol of BiPNone 0.1 1.7
aSec61a 0.0 1.8 were reconstituted per equivalent of microsomes, a con-
aSec61a, then PM 1 0.5 M KOAc 20.3 1.5 centration of BiP similar to that in intact microsomes. It
has been reported that z0.4 pmol of translocon ringsa pPL-sK78´80S´XRM translocation intermediates were formed as de-
tailed in the Experimental Procedures. Prior to gel filtration in some are present per equivalent of microsomes (Hanein et
experiments, affinity-purified Sec61a-specific antibodies or Fab al., 1996). Thus, we reconstituted microsomes with a
fragments (aSec61a; z60 pmol) were added to z40 eq of XRM and substoichiometric quantity of BiP, z0.1 pmol per equiv-
incubated for 10 min at room temperature to yield pPL-sK78´80S´ alent of microsomes. As shown in Table 3, when theXRM´aSec61a. Some aliquots of these purified microsome samples
microsomes contained fewer BiP than translocons, I2were incubated at room temperature with 1 mM puromycin (PM) for
quenching of pPL-ssK56 nascent chain fluorophores was5 min, followed by a 5 min incubation with 0.5 M KOAc. After incuba-
tion with PM and high salt, some aliquots were then further incu- observed. The substoichiometric amount of BiP there-
bated for 10 min at room temperature with z30 pmol aSec61a Fab fore could not seal all, or even most, of the translocon
fragments. To focus solely on the quenching of NBD probes inside pores. These data therefore strongly indicate that BiP
the microsomes, Fab fragments of NBD-specific antibodies (Ham-
plays a structural role (i.e., gating) rather than an enzy-man et al., 1997) were added, prior to PM addition, to a final concen-
matic role (as a chaperone) in theplugging of the lumenaltration of 100 nM in each sample receiving PM.
end of the translocon pore.b The Ksv values shown are the average values of 3±4 independent
experiments; the standard deviation in each case was between 0.2 Since BiP binds to unfolded proteins, it is conceivable
and 0.4 M 21. that BiP binds to a partially unfolded protein in a high
pH±treated translocon and plugs the hole. However, any
such binding, if it occurs, is not tight or stable enough
to block I2 passage because if BiP were plugging the
addition; Table 4; Hamman et al., 1997), these results lumenal end of the pore by this mechanism in the pPL-
indicate that the loss of the ribosome from the cytosolic ssK56 intermediate, then it should also have preventedend of a translocon is accompanied by a reduction in I2 access to the probes in the pPL-sK78 intermediate.the size of the pore. However, this did not occur, as is evident from the
A pore still exists, however, at those translocons from quenching observed after PFO was added to the pPL-
which ribosomes dissociated because cytosolic I2 can sK78 sample (Table 3). Similarly, if BiP were binding to
quench nascent chain probes in the lumen (Table 4). an unfolded protein so tightly and stably that I2 passage
This quenching does not occur by I2 movement through was blocked, then passage of larger nascent polypep-
pores originally blocked by Sec61a-specific Fab frag- tides should also be prevented. However, reconstituted
ments because the epitope±Fab interaction is stable in microsomes are active in translocation (Bulleid and
high salt, as shown by Fab fragment prevention of any Freedman, 1988; Nicchitta and Blobel, 1993; Hamman
cytosolic I2 quenching in samples containing high salt et al., 1997; data not shown). In addition, although ATP
when Fab fragments were added prior to I2 (Table 4). is required for BiP function as a chaperone, BiP binding
Thus, the large aqueous pore that exists during translo- to polypeptide does not require nucleotide (Hendershot
cation does not disappear when the ribosome dissoci- et al., 1996). Thus, since BiP closure of the pore requires
ates from the translocon but, instead, is replaced by a ATP or ADP (see below), the sealing activity of BiP does
smaller pore. These data therefore reveal a ribosome- not result from the association of BiP with an unfolded
dependent conversion of translocon structure that in- protein.
cludes a substantial reduction in pore size.
BiP Gating of the Translocon Pore
Gating by BiP Is Stoichiometric, Not Catalytic Is Nucleotide-Dependent
The above data suggest that BiP binds to the lumenal In the above experiments, translocon gating was ob-
end of the translocon and seals off its aqueous pore served when lumen-extracted microsomes were recon-
from the lumenal compartment. If this is correct, then stituted with BiP and ATP. To determine whether BiP-
BiP would be expected to function stoichiometrically as dependent gating requires ATP and/or ADP, pPL-ssK56
a gating protein (i.e., closing a pore requires one or more intermediates were assembled using microsomes re-
BiP molecules per translocon). Yet, since BiP facilitates constituted with nucleotide-free BiP and examined for
protein folding in the ER lumen (for a review, see Gething accessibility to quenchers. I2 was found to have com-
and Sambrook, 1992), it is conceivable that BiP acts plete access to the nascent chain probes in these sam-
ples (Table 5), a result that suggests that BiP-dependentby catalyzing the folding of a membrane protein(s) that
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protein translocation occurs in mammalian ER mem-Table 5. Nucleotide Dependence of Translocon Pore Gating
branes. First, BiP is bound to the lumenal end of theby BiP
aqueous pore immediately after ribosomal targeting is
Sample Observed Ksv (M21)a completed and until the nascent chain reaches a length
2PFO 1PFO of about 70 amino acids. Second, when not bound to the
ribosome, the translocon is still assembled and formspPL-ssK56´80S´RRM (2BiP 1 4 mM ATP)b 2.3 2.5
an aqueous pore. Third, the diameter of the pore in apPL-ssK56´80S´RRM (1BiP)c 2.6 2.5
pPL-ssK56´80S´RRM (1BiP/4 mM ATP)c 0.2 0.2 ribosome-free translocon is considerably smaller than
pPL-ssK56´80S´RRM (1BiP/4 mM ADP)c 0.4 0.4 that in a functioning translocon. Fourth, BiP binds to the
pPL-ssK56´80S´RRM (1apyrase)d 2.5 2.5 lumenal end of a ribosome-free translocon pore to seal
pPL-ssK56´80S´RRM (1BiP/4 mM AMPPNP)c 2.5 2.5 off the cytosol from the ER lumen. Fifth, only the nucleo-
a The I2 Ksv values shown are the average values of 3±7 independent tide-bound form of BiP can gate the lumenal end of
experiments; the standard deviation in each case was between 0.2 the translocon pore. Six, the conversion of large-pore
and 0.4 M21.
translocons into small-pore translocons is dependentb These microsomes are the same as the RRM (2BiP) defined in
on the ribosome±nascent chain complex. These resultsTable 2, except that 4 mM ATP was added to the reconstitution.
are summarized in the model shown in Figure 4.c Microsomes were reconstituted with dialyzed BiP (Wei and Hen-
dershot, 1995) and the nucleotide indicated in parentheses. ATP Since BiP is the gating protein that binds to and seals
(,0.5% ADP), ADP (,0.2% ATP), and AMPPNP were purchased the lumenal end of the aqueous translocon pore, both
from Sigma. immediately after ribosomal targeting to the ER mem-
d Concentrated lumenal extract was preincubated with 1 U/ml apy-
brane and also when the translocon is unoccupied, BiPrase (Sigma) at 268C for 10 min prior to reconstitution.
is responsible for maintaining the permeability barrier
of the ER membrane. BiP therefore plays an important
role in intracellular metabolism by preserving, for exam-
ple, the Ca21 concentration gradient. In fact, this newlytranslocon gating requires ATP or ADP. Consistent with
identified function of BiP may be more critical to overallthis interpretation, reconstitution of the nucleotide-free
cell function than the widely studied interaction of BiPBiP with either 4 mM ATP or 4 mM ADP completely
with unfolded proteins.blocked iodide access to the nascent chain (Table 5).
BiP therefore has multiple roles in the lumen of theIn contrast, reconstitution with 4 mM ATP or 4 mM ATP
ER. In addition to serving as a gating protein, BiP hasplus all lumenal proteins except BiP did not block I2
been shown to be required for both cotranslational (Nic-access to probes through the translocons. Further evi-
chitta and Blobel, 1993; Brodsky et al., 1995) and post-dence for ATP- or ADP-dependent BiP gating came from
translational (Vogel et al., 1990; Nguyen et al., 1991;the fact that reconstitution of BiP/ATP with apyrase, an
Sanders et al., 1992; Brodsky et al., 1995; Panzner etenzyme that hydrolyzes ATP and ADP to AMP, com-
al.,1995) proteintranslocation across the ER membrane.pletely eliminated translocon gating (Table 5).
BiP has also been shown to be required for the foldingTo determine whether ATP hydrolysis is required for
of numerous secretory proteins (e.g., Simons et al.,1995;BiP to gate the translocon, BiP was reconstituted with
Hendershot et al., 1996). Whether these various func-4 mM AMPPNP. AMPPNP completely blocked gating of
tions are coupled to BiP's role as the lumenal gatingthe translocon by BiP (Table 5). The most likely explana-
protein has yet tobe determined. When we firstdetectedtion for this observation is that BiP´ATP binds to the
the lumenal translocon seal, we surmised that the porelumenal end of the pore, ATP is hydrolyzed, and then
was gated by a protein such as BiP (Crowley et al.,BiP remains tightly bound to the translocon in its ADP-
1994). This speculation was based in large part on thebound form.
presumption that the opening of the pore was triggeredThe data in Table 5 also indicate that neither ATP nor
by the interaction of the nascent chain with a proteinADP in our translation mixture can pass through the
that binds unfolded polypeptides, as well as on the exis-ATP-transport channel and bind to nucleotide-free BiP
tence of BiP mutants defective at two different stagesin reconstituted microsomes. These data therefore
in the translocation process (Sanders et al., 1992). Al-agree with previous studies that showed that the ATP-
though the data reported here show that BiP is indeedtransporter is an antiport channel requiring the presence
the gate protein, it is not yet clear whether a BiP±nascentof lumenal nucleotides to function (Mayinger et al.,
chain interaction causes the BiP to release from the1995). It is also clear that ATP in the translation mix
pore early in the translocation process.cannot pass through the inactive aqueous translocon
It is also not yet clear with which translocon compo-pores in XRM reconstituted with nucleotide-free BiP.
nent(s) BiP associates. Studies in yeast have shown thatSince the hydrated dimensions of ATP are about 12 3
BiP binds to the ER membrane via a direct interaction15 3 20 AÊ (e.g., Flaherty et al., 1990), these data indicate
with Sec63p (Brodsky and Schekman, 1993; Lyman andthat the maximum diameter of the aqueous pore through
Schekman, 1997) that presumably places BiP in a posi-an inactive translocon is less than 15 AÊ .
tion to facilitate posttranslational protein translocation.
Although no Sec63p homolog has yet been reported in
Discussion mammalian cells, BiP may bind to such a protein. Since
purified Sec61p forms rings that closely mimic rings
Six major conclusions can be drawn from the present seen in natural membranes, it has been proposed that
study regarding the structure and dynamics of the thepore is formedprimarily by theassociation of Sec61a
monomers (Hanein et al., 1996), a conclusion that is alsotranslocon and the mechanism by which cotranslational
BiP Seals the Aqueous Translocon Pore
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Figure 4. Dynamic Changes in Translocon Structure and Composition during Secretory Protein Targeting to and Translocation across the ER
Membrane
The experimental identification of at least three different translocon structures suggests the model depicted above. First, the aqueous pore
through a ribosome-free translocon is only 9±15 AÊ in diameter and is tightly sealed at its lumenal end by the nucleotide-dependent binding
of BiP. Second, immediately after targeting of the ribosome±nascent chain complex, BiP continues to seal the lumenal end of the translocon.
It is not yet clear whether the aqueous pore has expanded at this stage. Third, when the nascent chain reaches a length of about 70 amino
acids, BiP is released from the lumenal end of the pore, and the resulting pore is 40±60 AÊ in diameter. It is also not yet clear whether BiP
dissociates completely from the translocon at this stage. The system recycles to its original state when the secretory protein is released from
the ribosome and translocon with a concomitant collapse of the aqueous pore and sealing of its lumenal end by BiP.
supported by photo-cross-linking studies (reviewed in translocon structure so dramatically? The most likely
explanation is that it is easier to maintain the permeabil-Rapoport et al., 1996). The translocon binding site for
BiP may therefore also include Sec61a. ity barrier with a smaller aqueous pore: a single BiP
molecule can bind to and plug a 15 AÊ hole, while closingSince BiP seals the translocon only in the presence
of ADP or ATP (Table 5), BiP must be in a specific confor- a 50 AÊ hole would be more difficult and may even require
multiple BiP proteins. Although BiP appears to sealmation(s) to interact with the translocon. The inability of
BiP´AMPPNP to seal the pore strongly suggests, but pores of both sizes because it both blocks NAD1 access
to short nascent chains (Table 2) and also blocks I2does not prove, that BiP binding to the translocon is
observed in the presence of ATP only because ATP is passage through ribosome-free pores (Table 3), the di-
ameter of the pore in intactearly translocation intermedi-hydrolyzed either prior to or during the binding of BiP
to the pore. Although we have not demonstrated directly ates has not been determined experimentally because
it is sealed at both ends. In the absence of this data,that BiP binding to the translocon is accompanied by
ATP hydrolysis, such a coupling may have structural one possible scenario for the BiP±translocon interaction
is the following: BiP only binds to and seals the lumenalor functional ramifications. Interestingly, BiP binding to
Sec63p in yeast is also nucleotide-dependent, and it is end of the translocon when its internal diameter is 9±15
AÊ ; the newly targeted ribosome binds and tightly sealsthe ADP form of BiP that binds tightly to Sec63p (Corsi
and Schekman, 1997). the cytosolic end of the 9±15 AÊ pore; after translation
produces a 70-residue nascentchain, its interaction withThe fluorescence data reported here strongly indicate
that the translocon does not completely disassemble BiP (Crowley et al., 1994) or binding to Sec61p (Jung-
nickel and Rapoport, 1995) triggers the release of BiPwhen the ribosome terminates translation of a secretory
protein. Instead, the translocon appears to experience from the lumenal end of the pore and causes thesimulta-
neous or subsequent rearrangement of the translocona major change in conformation and perhaps composi-
tion as it changes its functional state. This structural that expands the aqueous pore and establishes a new
ribosome±membrane tight junction. We also speculatechange was detected by using collisional quenchers of
different sizes and showing that the aqueous pore was that the release of the ribosome at the end of translation
is delayed until the secretory protein leaves the translo-converted from a diameter of 40±60 AÊ in a functioning
translocon (Hamman et al., 1997) to a diameter of 9±15 AÊ con, at which point ribosome dissociation is stimulated
by, or coupled to, the binding of BiP´ATP to the translo-in a ribosome-free translocon. Evidence that the smaller
pore is formed by translocon components was obtained con and the simultaneous constriction of the pore.
The magnitude of the change in pore size is very large,by showing that antibodies or Fab fragments specific
for Sec61a prevented I2 movement through the small and hence, the structural rearrangement within the
translocon during its functional cycle (from targeting topores (Table 3) and that large ribosome-bound pores
were converted into smaller pores when ribosomes were translocating to ribosome-free; Figure 4) is substantial.
It seems thermodynamically unlikely that the putativereleased from the translocons (Table 4). It is also impor-
tant to note that antibodies to TRAM interfered with amphipathic a helices of Sec61a and other translocon
proteins forming the pore can be stably bent or reori-iodide ion passage, thereby indicating that TRAM is still
associated with Sec61a in the ribosome-free translocon. ented sufficiently to reduce the pore size by more than
25 AÊ . A more likely scenario is that one (or more) ofSince the translocon is not totally disassembled after
the ribosome leaves, why is it necessary to change the translocon proteins moves laterally into the pore to
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pPL64, pPL-sK78, and pPL-ssK56, respectively, where the subscriptpartially occlude it. For example, 2±4 Sec61p proteins
indicates the number of amino acids encoded within the mRNA. Inassociate to form the pore (Hanein et al., 1996; Beck-
vitro transcription using SP6 RNA polymerase and the purificationmann et al., 1997), and hence, it is conceivable that one
of mRNA were described previously (Crowley et al., 1994).
(or all) of the Sec61p monomers slips into the pore to
partially block it when the ribosome leaves the translo- Translations
con. Alternatively, perhaps the SRP receptor diffuses Yeast tRNALys was purified, aminoacylated, and modified with NBD
into the translocon and/or alters the arrangement of as before (Crowley et al., 1993). Translations (268C, 20±30 min, 500
ml) were performed in vitro using wheat germ extract, either eNBD-translocon components after the ribosome departs. No
Lys-tRNA or unmodified Lys-tRNA, and, where indicated, SRP andpossibility can yet be ruled out, but electron microscopy
z40 equivalents of high-salt/EDTA-extracted microsomes (EKRM)data indicate that Sec61p itself can form a small pore
from canine pancreas as described previously (Crowley et al., 1993,(see below).
1994). In most experiments, either XRM or RRM, prepared as de-
The discovery that the size of the aqueous translocon scribed below, were used instead of EKRM. Translation (i.e., micro-
pore is determined by the functional state of the translo- some-free) and translocation intermediates were purified by gel fil-
con also explains some apparently contradictory re- tration chromatography using Sepharose CL-6B (1.5 cm i.d. 3 20
cm) and Sepharose CL-2B (0.7 cm i.d. 3 50 cm), respectively, assults. We used fluorescence techniques to show that
before (Crowley et al., 1993, 1994), with columns preequilibratedthe diameter of the pore in a functioning translocon was
and run in buffer A (50 mM HEPES [pH 7.5], 5 mM MgCl2, 40 mM40±60 AÊ in diameter (Hamman et al.,1997), while electron
KOAc). Following the fluorescence measurements, samples weremicroscopy data yielded a minimum pore diameter of
routinely analyzed to assess the biochemical state of the eNBD-
15 AÊ in unsealed ribosome±Sec61 complexes lacking [14C]Lys in the sample as described earlier (Crowley et al., 1993).
nascent chains and membranes (Beckmann et al., 1997)
and an average translocon pore size of 20 AÊ for Sec61p Extraction and Reconstitution of Soluble Lumenal Proteins
in detergent and for similar rings in membranes (Hanein Extraction of soluble lumenal proteins was nearly identical to that
et al., 1996). It now seems likely that at least in the latter described previously (Nicchitta and Blobel, 1993). In brief, 100 ml of
buffer B (500 mM HEPES/500 mM CAPS titrated to pH 10.5) wasstudy, the average value of 20 AÊ for natural membranes
added to 100 equivalents of canine rough microsomes in 100 ml ofincluded measurements of the pore diameters of both
50 mM triethanolamine (pH 7.5), 200 mM sucrose, and 1 mM DTT,ribosome-free and ribosome-bound translocons. Con-
and this mixture was diluted to 1 ml with H2O. After a 20±30 minsistent with this possibility, a large range of pore sizes incubation on ice, samples were centrifuged at 60,000 rpm in a
is evident in Figures 1A and 1E of Hanein et al. (1996). Beckman TLA 100.2 rotor through 200 ml of a 0.5 M sucrose cushion
In the Introduction, we suggested three different in buffer A. Lumen-extracted microsomes were then completely
mechanisms that might be used to maintain the perme- resuspended and resealed with 100 ml of buffer C (50 mM HEPES
[pH 7.5], 200 mM sucrose, 1 mM DTT) by careful pipetting up andability barrier during translocation. Interestingly, it is now
down about 15±20 times to yield XRM. This procedure resulted inclear that a combination of these mechanisms is in-
nearly completeextraction of soluble ER lumenal proteins, as shownvolved: the aqueous pore is sealed by BiP prior to and
in Figure 1 and by comparison with microsomes extracted with a
shortly after ribosomal targeting to the translocon; the pH 11.5 carbonate buffer (data not shown). For mock extractions,
translocon undergoes large conformational changes; buffer A was substituted for buffer B in the first step described
and the translocon, though preexisting, is not assem- above.
Reconstitution of soluble lumenal proteins into microsomes wasbled into its functional state and size until some time
also accomplished as described elsewhere (Nicchitta and Blobel,after ribosomal targeting has been completed. Not sur-
1993). Ribosomes, SRP, and lumenal proteins were extracted fromprisingly, then, a complex coupling of structural interac-
microsomes by treating them with buffer B as above, but then sedi-tions and rearrangements is required to achieve a very
menting through a 0.5 M sucrose cushion in 0.13 buffer B. Samples
difficult functional goal, that of passing a macromolecule wereresuspended with 70 ml of 0.2 M sucrose in buffer B by repeated
through a membrane bilayer without significant leakage pipetting, followed by mixing with 80±120 ml of concentrated lumenal
of ions. proteins (see below) and then incubation on ice for 5 min. In some
cases, nucleotides were added at this point. Microsomes were re-Translocon structure is also dynamic during cotrans-
sealed by adding z60±80 ml of 1 M HEPES (pH 6.8) and mixing tolational integration as it undergoes a series of structural
obtain a final pH of 7.0±7.5 by pH paper, followed by incubation onchanges designed to release the cytoplasmic domain
ice for z5 min. Reconstituted microsomes were then diluted withof a nascent membrane protein into the cytosol (Liao et
500±700 ml of resuspension buffer C and purified by centrifugation
al., 1997). The permeability barrier was maintained dur- through 0.5 M sucrose in buffer A as above (100.2 rotor). Pellets
ing this process by first sealing off the lumenal end of the were carefully resuspended as above, using 100 ml of buffer C to
pore and then opening the tight ribosome±membrane yield lumen-reconstitituted microsomes (RRM and variations).
junction on the cytosolic side of the ER membrane. It
remains to be seen whether the closure of the aqueous Purification and Fractionation of Soluble Lumenal Proteins
Soluble lumenal proteins were extracted and purified in bulk by firstpore during integration involves BiP and/or a change in
converting rough microsomes (10 ml) to EKRM by diluting to 18the size of the pore. One intriguing correlation is that a
ml with EDTA (10 mM final concentration) and KOAc (0.5 M finaltranslocon pore with a diameter of 9±15 AÊ would fit
concentration) and incubating on ice for 20 min. Samples were thentightly around a transmembrane a helix. Although this
underlaid with 4 ml of 0.5 M sucrose in buffer A, followed by centrifu-
similarity in helix and pore diameters may be simply gation at 48C for 45 min at 40,000 rpm using a Beckman Ti 50.2
coincidental, it is conceivable that the permeability bar- rotor. Lumenal proteins were extracted by resuspending the pellets
rier is maintained during integration by the controlled with 10 ml of buffer B and diluting 8-fold with H2O, followed by
constriction and expansion of the translocon pore. incubation on ice for 20±30 min. After spinning as above, the total
supernatant containing soluble ER lumenal proteins was pooled
with the top z1/3 of the sucrose cushion and neutralized by titratingExperimental Procedures
with 1.0 M HEPES (pH 6.8) until the pH reached between 7 and 8
by pH paper. The proteins were then concentrated to 1±2 ml and aPlasmids and mRNA
final concentration of about 5±10 eq/ml using a Centriprep-30 (Ami-Plasmids pSPBP4, pVW1, and p138 were digested as before (Crow-
ley et al., 1993, 1994) in order to obtain truncated mRNAs encoding con) macroconcentrator at 48C.
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Extracted ER lumenal proteins were fractionated at 48C nearly as of the XRM, Drs. Kent Matlack and Peter Walter for gifts of antibod-
ies, Dr. Chris Nicchitta for advice on preparing XRM, and Dr. Roddescribed elsewhere (Rowling et al., 1994). About 8000 equivalents
of concentrated lumenal proteins were added to a ConA-Sepharose Tweten for a gift of PFO. We also thank the members of the Johnson
group for helpful discussions. This work was supported by NIH(Sigma) column (0.7 cm i.d. 3 7.7 cm) equilibrated in buffer A. Flow-
through fractions (1 ml) with A280 . 0.1 were pooled and then loaded grants GM 26494 (A. E. J.) and GM 54068 (L. M. H.), and by the
Robert A. Welch Foundation (A. E. J.).onto an ATP-agarose column as described below. The proteins that
bound to the ConA-Sepharose column were eluted stepwise by the
sequential addition of 0.1 M NaCl, 1.0 M NaCl, and then 1.0 M NaCl/ Received December 1, 1997; revised February 5, 1998.
0.75 M a-D-mannopyrannoside (Csermely et al., 1995) in buffer A.
Fractions with A280 . 0.1 were pooled and concentrated using the
ReferencesCentriprep-30 to about 6±12 eq/ml to yielda partially purified lumenal
protein sample that included calreticulin and GRP94. Pooled ConA-
Beckmann, R., Bubeck, D., Grassucci, R., Penczek, P., Verschoor,Sepharose flow-through samples were added to an ATP-agarose
A., Blobel, G., and Frank, J. (1997). Alignment of conduits for the(Sigma) column (0.7 cm i.d. 3 7.7 cm) equilibrated in buffer A. Again,
nascent polypeptide chain in the ribosome-Sec61 complex. Scienceflow-through fractions with A280 . 0.1 were pooled and concentrated
278, 2123±2126.by Centriprep-30 to 6±12 eq/ml to yield another partially purified
lumenal protein sample that included PDI. Proteins that bound to Bell, C.E., and Eisenberg, D. (1996). Crystal structure of diphtheria
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